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ABSTRACT

This report is a summary of the work completed in FY0O for science-based
characterization of the processes used to fabricate cermet vias in source feedthrus. In
particular, studies were completed to characterize the CND50 cermet slurry, characterize
solvent imbibition, and identify critical via filling variables. These three areas of interest
are important to several processes pertaining to the production of neutron generator tubes.
Rheological characterization of CND50 slurry prepared with 94ND2 and Sandi94
primary powders were also compared. The 94ND2 powder was formerly produced at the
GE Pinellas Plant and the Sandi94 is the new replacement powder produced at
CeramTec. Processing variables that may effect the via-filling process were also studied
and include: the effect of solids loading in the CND50 slurry; the effect of milling time;
and the effect of Nuosperse (a slurry "conditioner™). Imbibition characterization included
a combination of experimental, theoretical, and computational strategies to determine
solvent migration though complex shapes, specifically vias in the source feedthru
component. Critical factors were determined using a controlled set of experiments
designed to identify those variables that influence the occurrence of defects within the
cermet filled via. These efforts were pursued to increase part production reliability,
understand selected fundamental issues that impact the production of slurry-filled parts,
and validate the ability of the computational fluid dynamics code, GOMA, to simulate
these processes. Suggestions are made for improving the slurry filling of source feedthru
vias.



Executive Summary

A scientific approach has been used to characterize and study the processes and

methods used in the production of neutron tube source feedthrus. Particular attention was
given to the preparation of CND50 cermet slurry and the subsequent use of the slurry for
filling vias. Several interesting observations were made with regard to slurry
characterization, solvent imbibition characterization and modeling, and identification of
critical processing variables.

Slurry characterization:

The rheological profiles of operator-preferred cermet slurries are similar and
independent of the initial powder (Sandi94 or 94ND2). This occurs because the
operators use an audible clicking sound created by the steel mixing balls as a guide.
Even though different amounts of solvent are needed to reach this clicking sound,
depending on the starting powder, the resulting rheologies are similar.
As the slurry is mixed, the mixing balls change the powder morphology by breaking
down the large, spray-dried alumina granules, effectively changing the solids loading
by exposing the granule interior to solvent. As a result the slurry rheology increases
with time and the clicking sound disappears.
Significant slurry settling occurs within 10 to 15 seconds of not being milled,
dramatically affecting the viscosity.
Nuosperse had little to no effect as a dispersing agent, as verified by rheological
studies and settling compaction behavior.

Solvent imbibition characterization:

Microfocus x-ray experiments for planar imbibition can be modeled theoretically and
simulated computationally with GOMA.

Capillary imbibition experiments can also be modeled theoretically and simulated
computationally with GOMA.

Combining the results of previous studies, porous models can be created, allowing
GOMA simulations of more complex geometries such as a cermet via.

Design of experiments on filling vias with CND50 slurry:

Of the four factors thought to be critical in influencing production defects during
slurry fill (applied vacuum level, solvent amount, slurry injection rate, time over
vacuum after fill), only the time over vacuum was determined to be statistically
important, with slight importance given to solvent amount. Longer vacuum times
(20 s) are five times more likely to produce defect-free vias than short vacuum times
15s).

Each source feedthru has two vias that need to be filled with cermet slurry. Less
defects were seen in the vias filled second when a high-solvent slurry was injected
into the first via, suggesting that pre-wetting was occurring and helping to produce
better fills. This effect was not as strong as the time-over-vacuum variable.

In hopes of giving the operator a simple way to check via fill integrity, weighing of
the dried filled parts was attempted. It was determined that there is too much
variability in even the most careful weighing procedures to determine if defects are



present in the vias, necessitating 100% inspection with x-ray radiography unless a
more reliable process is found.

Pragmatic implications:

* In an effort to make the slurry-filling process more reproducible (with the objective of
improving supplier yields of source feedthrus) it is our opinion and recommendation
that the work instruction (WI-704191-050) for filling source feedthrus be modified.
We suggest including language that instructs the technician to apply a vacuum of at
least 23 inches of mercury for a period of 20 seconds +/- 5 seconds. Furthermore, we
suggest that a new (i.e., dry) piece of filter paper be used for each via. This will
ensure that the slurry-filling Kinetics are repeatable from via to via.



Table of Contents

| EXECUTIVE SUMMARY ....ocooivivieiieteieeeeeeeteeete et teeeteteeesetetssssteessesessssssesesssessssssesesssesessssesenasa 4|
BACKGROUND .....o.oooeioeeeeeeeeeeeeveeeeeetresernseseeeesesnseesreneseseenseesrenersseenseesrenesssensnesreneesneneseerenesssneneesres 9|
[V ORK OB JIE C T IVE 1t itiiteiteetesetsier et ettt eet sttt eeeeee e ettt sttt teet Lot ee et s tee et e eeetetteer et eesteeretstesreeteesresseeecereeseees 13]
[GENERAL MATERIALS AND MATERIAL PREPARATION .........cocciiiiiieinseieneeesarccneaees 14|
BLURRY CHARACTERIZATION ......ccooovivitiieietieeteteeeeeteeeeteeeeeeteteeteteseesteteessseteenesetenssneseesesasenssnenens 15|
BOLVENT IMBIBITION CHARACTERIZATION ittt eseisresins 20|
[[NERYe o UTes A Lo N T T — 20
PLANAR IIMBIBITION ......ouuvuiiiiiiiiiiittttiitieesiaiustttetsesssassssestsasssassssssssssssssssssssssssesssassssssssesssassssssessesssassssses 22
GOMA VIA SIMULATIONS ©.uttttiiiieeiiiiittittteessesistbtesssssssiisssstsasasssessssssssesssasssssssssesssasssssssssessseisssbesssessssins 30
DESIGN OF EXPERIMENTS ....coovoeeeteeeeteeeeeeeeeteeeeereesveeereserensesenenseeeseseseseeseeesssesessseensesnsnesseenees 34|
FACTOR SELECTION 1iiiiiiuttttiiiieiiiesttttttsesssesssttesssesssasssssssssasssssssssssssssssssssssssssssssssesssssssssesssasssssssssesssassssses 34
EXPERIMENTAL DESIGN IMATRIX.......uviiiiitiiieietiieeeetiieeeettieeeeetaeeeseneeeessateeseseseeeessnsesessseeeesansessesnseeeessrrenens 36
QUALITATIVE RESULTS .iiiutiiiiittiiiiitiissiteesesessessssssessssssessssesssssssssssssssssssssnssesesanssssssssssessnssesessssssesssssress 38
ST ATISTICAL RESULTS .uuiiiittiiei it eetie e eetie e e ettt e e e ettt e etaeeeaettaeeeeataeeesateeaeansbeeesnsesessnseneesnseesesneenessnreneaas 38
OVERALL RESULTS FOR THE DESIGN OF EXPERIMENTS ...vuiiiiiutiiiiiiteiieiisseeesassiresaisesessiseeeesasessesssessesisseeeas 41
E NI EN e N 42|
R = Y = N[ =, 43|
N 44|
I P P E N D IX B ettt ieeeeeeeeeeeeeete oot eee oL ettt eeeteeE et L eeE et Lt ee e et L eeE A LeE L et eeELe L ee A eeE et t et e eeeeteee eee et reeteeereeseeeeesseereees 45]
N EN 49|




List of Figures
Figure 1: (a) SEM cross section of a sintered and machined source feedthru part. (b)

Corresponding schematic diagram. .. ... iiiir i es e sesssnneees 11
Figure 2: X-ray micrograph of a pair of vias poorly filled with cermet: top, after filling;

POLtOM, AFLEr ISOPIESSING. ..ottt eeeee et s s eeeeeee st eeesenseeeesenseseneneseeas 12|
Figure 3: Rheology profiles covering the range of allowable cermet slurries for both

DAND?2 and SANAINA. .........c.eoveueiriiriieiieieeieieteetetete ettt e et a e esreneanas 16|

Figure 4: Rheology profile for a 29.5 vol% “clicking’ Sandi94 cermet slurry over a 480-
minute test period while milling with the requisite 9 steel milling balls. Clicking

S1OPS AFtEN 240 MINULES. .......covvveeeceseeeeeeeeveveeeeeeseretsiseesnensneeeeeesenenseseeeeesensesessens 18|
Figure 5: Viscosity versus time for a slurry that was mixed for 30 minutes, then left to
BEEEIE. vttt ettt e et en e ee 18|
Figure 6: Rheology profile of two equal-solids-loading cermet slurries, one with
Nuosperse and the other with an equal amount of added solvent. ........................... 19|
Figure 7: The effect of Nuosperse additions on solids packing of 19.5 vol% cermet
Y IV LT 21|
Figure 8: X-ray image of the solvent saturation front traveling up through a pressed
AlUMINa BIaNK. ™ ... 23|
Figure 9: Transmitted X-ray intensity is reduced as the saturation front continues to
propagate through the porous alumina blank with time." .........c.cocoeveieieieieienn, 23]
Figure 10: Comparison of experimental, theoretical, and computational results for (a)
short and (b) long planar imbibition times. ™ .........c.cooceiiieiisecsccess s 25|
Figure 11: Sampling of experimental capillary imbibition test pictures used to determine
M 27|
Figure 12: Limiting cases for the impermeable surface situation: (a) hemispherical
flepression; (b) circular region.™ ..............coooevieevieieieeeeeeeeeeeeeee e 28|
Figure 13: Permeable-surface situation for capillary imbibition where a meniscus outside
the capillary tube can be formed (exaggerated separation distance).""..................... 29
Figure 14: GOMA setup for capillary-imbibition simulations."™ ...............c.cccocuevn..... 31
Figure 15: GOMA simulation for the imbibition of DGBEA into a porous alumina
T 31|
Figure 16: Comparison of experimental, theoretical, and computational results for (a)
short and (b) long capillary-imbibition times."™ ..., 32

Figure 17: Computation mesh for GOMA simulations of imbibition within a via.""........ 33
Figure 18: GOMA simulation results for the migration of solid (top) particles and solvent
(o0 Rk 33
Figure 19: Controlled cermet-via-filling apparatus for use in a design of experiments. .. 37
Figure 20: Rheology profiles for cermet slurries with low, nominal and high amounts of

solvent a few seconds after mixing has Stopped. ...........ccccooevvieneiiiineiciiieiecen 45|
Figure 21: Viscosity of the cermet slurry with low solvent decreases rapidly until 75
seconds and levels off soon after.............c..cccoceviiiiiiiii, 46|
Figure 22: Viscosity of the cermet slurry with low solvent decreases rapidly until 75
seconds and levels off SO0N AftEr...........coiciriiiceeces s 47|
Figure 23: Graph shows the greatest decrease in cermet slurry viscosity as a function of
TME TOr the 8.5 SNEAI TALE. .........c.veeveeieeeeieeeeeeeeeee et ee et eree et seseeeeesenseeseaenanas 48|




Figure 24: Fill density plot for the first 24 sets of experiments (2 data points per

experiment). No correlation is observed with good or bad fills...........................

Figure 25: Fill density plot for the last 24 sets of experiments (2 data points per

experiment). No correlation is observed with good or bad fills..........................

List of Tables

Thble 1: Cermet Source Feedthru Via DIMENSIONS. ..............ovoveeeeeeeereeeererererereesnsererenass

Table 2: Materials Parameters and Other Relevant Properties'™ ..............c..c.cccovuu.....

Table 3: Selected Operator Controlled FaCtOrS.............uuuueeeueeeeann

[Table 4: Controlled Factors for the Design of EXPeriments ................cccocoeveveverernnn, 36
Table 5: Factor Influence (p-value) on the Off-Center Via .........cccccoeeuvniiiinnniinnnnnn.. 39
Table 6: Factor Influence (p-value) on the Center Via .....ooviceiieeiiciiiiiiiisieciiesiees 39

Table 7: Vacuum Time Influence on the Fabrication of Defect-Free Vias..................

Table 8: Factor Influence on Fill MaSsS ............cooooeiiiiiiiieeeeiieeeeeeeeeeeean




Filling Source Feedthrus With Alumina/Molybdenum CND50 Cermet:
Experimental, Theoretical, and Computational Approaches

Background

Alumina/molybdenum CND50 cermet is used extensively in the production of
neutron generator components. In this report, the source feedthru of the MC4277 neutron
generator tube was investigated. The source feedthru has a dense ceramic body with
hermetic pathways that are electrically conductive. A schematic is shown in Fig. 1. The
ceramic part of the source feedthru is an electrically non-conductive 94% alumina body.
The alumina powders used to manufacture the source feedthru body are either 94ND2
(formerly produced at the GE Pinellas Plant) or Sandi94 (produced at CeramTec). The
electrically conductive pathways, termed ‘vias’ are made from an alumina / molybdenum
cermet material. The current method of producing vias requires green machining holes
into the 94% alumina body and filling the holes with a low-solids slurry (~25 vol%) of
50/50 wt% alumina/molybdenum cermet powder. Diethylene glycol monobutyl ether
acetate (DGBEA) is the liquid used to make the slurry and Nuosperse is used as a
dispersing aid. The starting cermet powder used to make the slurry is a 4-hour-dry-ball-
milled blend of spray-dried alumina of 50-100 um (Sandi94 or 94ND2) and molybdenum
powder with an average size of 4-8 um. The slurry is batched in a rotating mixing cup
approximately 10 ml at a time and is injected into the hollow vias using vacuum
assistance to pull the slurry into the via. Relevant work instructions are found in
Appendix A: WI-704191-030 (dry blending), WI-704191-040 (slurry preparation), and
WI-704191-050 (slurry fill). The vias are drilled into pressed 94% alumina pellets which
are 50% porous (Figure 1]. Once the vias are filled with slurry, the cermet particles
consolidate as solvent imbibes (wicks) into the porous alumina. Excess slurry is placed
over the vias to act as a material reservoir during consolidation. Subsequent drying,
isostatic pressing, sintering, and grinding steps change the source feedthru dimensions to
those required by neutron tube specifications.

The cermet slurry preparation and filling procedures have been determined to be

the critical steps in creating defect-free source feedthru parts.[Ei Inadequate via filling or



particle consolidation may result in cracking and warping within the via, compromising
functionality (. However, the work instructions fail to pinpoint the optimal
slurry conditions for via filling, creating a situation based on operator discretion. For
example, an operator may create slurries ranging from 20 to 35 vol% solids, resulting in a
250% change in viscosity, all within the specifications of the work instruction. For many
variables, there are no boundaries provided to the operator. For example, during via
filling, the amount of time the filled part is left over vacuum is defined as ‘let dry to a

dull sheen’.
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<« 0.025 in.

Figure 1: (a) SEM cross section of a sintered and machined source feedthru part.
(b) Corresponding schematic diagram.
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Figure 2: X-ray micrograph of a pair of vias poorly filled with cermet: top, after
filling; bottom, after isopressing.
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In order to obtain a defect-free cermet via, slurry must completely fill the via
under vacuum assist and then uniformly consolidate during solvent imbibition into the
surrounding porous alumina body. The time-scales when critical fundamental
mechanisms influence via production are distinct but sometimes concurrent. For
example, previous modeling work has been completed to suggest that vacuum-driven
filling of the vias with the slurry takes 0.01-1 s. Appreciable consolidation due to
vacuum-driven removal of liquid occurs from 5-50 s. Consolidation due to imbibition-
driven removal of liquid occurs from (3-20 s) and gravitational settling (60-800 s).
Through the years, experienced Sandia operators have migrated to a certain set of slurry-
preparation and filling conditions that qualitatively manage the above critical stages and
have improved yields up to 80%. The expense of a neutron generator suggests that 100%
of cermet parts be tested for flaws. Although this level of inspection may not change, a
favorable understanding of the slurry preparation and filling procedures could reduce
training time for new operators and increase yields, thereby reducing waste and

improving efficiency.

Work Objective
Three separate tasks were performed to characterize the cermet via production

process. Although these tasks are separate, findings in one task commonly give insight

into solving questions arising from other tasks. Tasks are as follows:

1. Characterizing the slurry, which included the effects on rheology of additive, solids
loading, binder, and powder type (Sandi94 vs. 94ND?2).

2. Modeling of slurry consolidation within the via through experimental, analytical and
computational means.

3. Resolution of the critical variables in the manual slurry filling procedure.

As indicated in Task 1, slurry characterization is important for all subsequent
experiments. Rheology change, which is determined by many factors including solids
loading, could possibly affect via filling both during vacuum driven filling and
subsequent consolidation. Because the powder morphology is a combination of spray-

dried granules and micron-sized powder, processes such as mixing during the slurry

13



preparation procedure may alter the morphology and thus the rheology. Also, the new
Sandi94 powder behaves differently than the 94ND2. Operators have noticed that a
change in solids loading is required to closely match the rheology of Sandi94 to that of
94ND2. Several series of experiments are used to characterize the cermet slurry.

As indicated in Task 2, creating defect free cermet source feedthru parts requires
that the critical variables/stages and the influence of these critical variables/stages on
producing a defect-free cermet via be determined. One important processing stage is the
consolidation of particles during solvent imbibition. Imbibition-driven packing competes
with vacuum-driven filling and packing during consolidation. In order to characterize
imbibition-driven packing, the imbibition of solvent through a porous medium was
determined using experimental, theoretical, and computational techniques. The ability to
model particle consolidation, which relies on imbibition-driven packing, affords the
opportunity to explain or predict common processing flaws.

As indicated in Task 3, determining the critical factors during the manual filling
procedure is critical to creating defect-free parts. There are several steps the operator
must proceed through to fill a via. Operator experience and an examination of the history
of low-yield part batches were used to select a set of critical variables. All remaining
factors were then held as constants while a statistical design of experiments was
conducted with the critical factors. Using statistical software packages, the influence of

each factor, as well as combinations of factors, on defect creation was determined.

General Materials and Material Preparation

All materials were prepared within specification of the relevant work instructions.
Spray-dried alumina containing 93.4% alumina, 4.4% silica, and 3 wt% binder (equal
weights of methylcellulose and hydroxypropyl methylcellulose) (SS305195-200) is used
to create both the cermet slurry and porous green compact. Slurry preparation has been
briefly outlined above, with more detail available in the work instruction. Alumina
compact fabrication (SS305195) yields a cylindrical compact of 0.875 in. diameter and
0.8 in. height. For the source feedthru, vias are drilled in this compact to specification
(SS393650). Important via dimensions are found in

14



Table 1: Cermet Source Feedthru Via Dimensions.

Via 1 Position Center
Via 2 Position Offset 0.086 in.
Large Diameter 0.0625 in.
Small Diameter 0.032 in.
Via Transition Depth Undefined

It is important to note here that parts of the experimental design matrix are only
applicable to this component with these dimensions. For example, lower-solids slurries
still within range of the slurry preparation work instruction are also used to fill smaller
diameter vias (0.010”). However, a large share of the analysis is applicable to any slurry-
filling procedure.

Diethylene glycol monobutyl ether acetate (DGBEA) is used as the solvent, 99%
pure (SS305003-200). Nuosperse 657 is used as an optional particle surfactant, the
effectiveness of which will be determined later in the slurry characterization. Nuosperse
is commonly used in screen printing inks to break up particle agglomerates by migrating

to the solid-liquid interface. In all experiments, the solvent has Nuosperse added.

Slurry Characterization

The slurry work instruction does not specify the exact slurry solids loading, only a
range of 7 - 12 ml solvent, 23.5 - 35 vol% respectively for a 20-g batch size of cermet
powder. Operators have determined that as the stainless steel balls mix the slurry in the
rotating mixing cup, the correct viscosity occurs when those milling balls make an
audible clicking sound. So, through trial and error, this clicking sound is adopted as the
viscosity indicator for the correct solids loading, corresponding to approximately 11.5 ml
of solvent for Sandi94 powder, and 9.0 ml for 94ND2 (Figure 3}. Further, there is a
factor of ten difference in viscosities when comparing at the lowest solids loading to the
highest solids loading for the 94ND2 case. At the lowest solids loading (7 ml solvent),
Sandi94 was unable to be mixed in the normal mixing cup, so a solids loading of 29.5
vol% (~9ml of solvent) was used. Important to note in is the fact that the
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Figure 3: Rheology profiles covering the range of allowable cermet slurries for both
94ND2 and Sandi94.
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commonly used “clicking’ slurries both have the same rheological profile even though the
solids loadings are different for 94ND2 and Sandi94. Similar rheological profiles in
these two systems with different solids loading indicate a difference in powder
morphology. The spray-dried alumina granules change with milling time.[IZj If the
granules are of a uniform spherical shape, trapped air within the granule will change the
effective density of the solid particles, decreasing the solids loading and decreasing the
viscosity. However, if the granules are not well formed due to excess milling either wet
or dry, the solids loading will be higher, increasing the viscosity. Presumably, this is the
only difference between spray-dried Sandi94 and 94ND2, and dry-ball-milled mixtures
with molybdenum. This logical supposition of changing powder morphology is
supported by past Work[Ej and by [Figure 4Jin which rheology as a function of milling time
is plotted.

Stability of the slurry has always been less than ideal with the solid particles
visually observed to settle in minutes. For this reason, the mixing cup is always rotating
throughout the via-filling process (1-3 hours). The actual viscosity change with time is
shown in Figure 5land suggests that if the slurry were not mixed for ~ 20 seconds prior to
injection, a 10% change in viscosity would result, corresponding to a lower solids-
loading injected slurry and possibly contributing defects to the final via. Also, it is
therefore important to note that the viscosity change with time seen in Figure 4 |may need
to be taken into consideration. This change in viscosity has also been visually observed
by operators, who have adjusted the viscosity to yield a “clicking’ slurry by adding a few
more drops of solvent. Although it was originally thought that solvent evaporation (not
likely due to the low vapor pressure) is the cause of the gradually increasing viscosity, it
is more likely due to the powder morphology change.

The additive Nuosperse is optional in the slurry-preparation work instruction.
Nuosperse was used initially in screen printing to break up particles by migrating to the
solid/liquid interface. It is not used as a dispersant, only a surfactant. The additive was
incorporated into the cermet slurry process because the process is patterned after a screen
printing process used by Kodak in Schenectady, NY. Because the cermet process uses

spray-dried alumina particles held together with binder, the usefulness of the surfactant is
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Figure 4: Rheology profile for a 29.5 vol% “clicking’ Sandi94 cermet slurry over a
480-minute test period while milling with the requisite 9 steel milling balls. Clicking
stops after 240 minutes.
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Figure 5: Viscosity versus time for a slurry that was mixed for 30 minutes, then left
to settle.
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Figure 6: Rheology profile of two equal-solids-loading cermet slurries, one with
Nuosperse and the other with an equal amount of added solvent.
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questionable. The plot in Figure 6shows the effect of Nuosperse on 29.5 vol% cermet
slurries. One slurry with 83 pl (about 3 drops) of Nuosperse and another identical slurry
with 83 ul of DGBEA solvent. The solids loadings of the slurries are equal, and both
slurries were exposed to the same milling time. It can be observed that the effect of
Nuosperse on viscosity is negligible, where in other circumstances, similar amounts of
dispersant or surfactant have been seen to have a dramatic effect on viscosity (50-90%
reduction).[‘?’i| Figure 7 khows that solids packing is increased by 1.5% with 0.08 g of
Nuosperse (about 3 drops) based on examining sedimentation heights.

Several other questions were qualitatively addressed during this research as well.
The solubility of the binder (methylcellulose and hydroxypropyl methylcellulose) was
determined to be below 0.02 wt% using infrared light reflection techniques. This
information is important for imbibition characterization, for which solvent properties are
generally used in the models. Samples of Nuosperse have been observed to darken and
thicken unexplainably. Contamination and aging were examined as possible causes. The
aging of Nuosperse when exposed to sunlight and fluorescent lighting was determined to
be negligible over a 6-month test period. Samples of Nuosperse were placed in glass
vials and exposed to direct sun and fluorescent lighting and compared with bulk samples
from a dark storage cabinet. There were no noticeable changes in color or viscosity,
suggesting that contamination may change some physical properties of the liquid

Nuosperse.

Solvent Imbibition Characterization
Introduction

Fluid imbibition was modeled using a combination of experiments, theoretical
models, and computational models (GOMA). A list of parameters and materials
properties used in imbibition characterization is provided in [E Experiments and
theoretical models were used to validate the ability of GOMA to accurately simulate
simple geometric imbibition cases, GOMA was ultimately applied to simulate the more
complex via geometry. Two experimental geometries were investigated: planar
imbibition and capillary imbibition. The results were then validated by comparison to

theoretical models, and these situations were subsequently simulated using GOMA.
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A detailed description of the experimental and theoretical procedures used to track the
fluid saturation front in a porous medium has been compiled very completely in a

previous report[4ﬂbut will be outlined in this report accordingly.

Table 2: Materials Parameters and Other Relevant Properties!

Parameter Symbol Value
Liquid Density (DGBEA) D 0.978 g/cm®
Liquid Viscosity (DGBEA) u 0.0515 g/(cm ) at 293
Liquid Surface Tension (DGBEA) o 22 dyne/cm at 293 K
Saturated Vapor Pressure (DGBEA) Psvp 13 dyne/cm® at 293 K
Molybdenum Density oM 10.2 g/cm®
Alumina Density (94% pure) DA 3.82 g/cm®
Alumina Density (4 wt% binder) PB 3.56 g/cm®
Alumina Density (4 wt% binder, 47% dense) Pp 1.67 g/cm®
Alumina Density (4 wt% binder 47% dense, sat.) Ps 2.19 g/em’
Green Alumina Permeability K (1.25+0.25) 10 cm?
Green Alumina porosity € 0.45
Green Alumina Pore Radius Rp 0432 10%cm
Green Alumina Contact Angle 6, probably 0-30°
Glass Contact Angle §) probably 0-30°
Gravitational Acceleration g 981 cm/s”

Planar Imbibition

In brief, the saturation front was tracked for the planar-imbibition situation by
immersing the planar face of a porous cylindrical alumina pellet into a dish of solvent. A
wire screen allows the solvent access to all portions of the submerged planar face. The
saturation front is then tracked using a microfocus x-ray system.[El The saturated
material’s higher density decreases the transmitted intensity of x-rays, allowing the
saturation front to be distinguishable (Figure 8). Image analysis at selected times
throughout the experiment allows the saturation front to be plotted as a function of time
(Figure 9), in which one-dimensional flow is observed (flat saturation front).

Experimental results agree to within 5% of the theoretical model.
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A theoretical model was created based on Darcy’s Law, and knowledge of
materials properties.! Capillary pressure is the driving force for imbibition with gravity,
liquid evaporation, and air motion being negligible. The resulting equation derived for

this planar system is:

%
h= (%\ (front height),
el
where p. is the capillary pressure[4], t is time, with all other units being defined in
B. Inserting values, the equation solves to:

2 \%
mm’ ) (front height).

h= (0.106

The total uncertainty of the parameters in used in the theoretical derivation total
to 30%, driving the uncertainty of the theoretical model to 30%

GOMA uses a single-phase Darcy formulation to calculate the liquid-phase
pressure in the porous substrate. A Van Genuchten model is used to relate the saturation
level to liquid-phase pressure and for the relative liquid permeability model.[|Zj Vapor-
pressure models tested included both Flat and Kelvin models. A set of mesh equations
with quadratic elements is used to create a fine mesh to accurately determine saturation
front motion. Using the same set of materials parameters and sample size as in the
experimental and theoretical procedures, the saturation front was determined as a
function of time (Figure 10). Resulting computations showed insensitivity to the type of
vapor pressure model used.

A comparison summary of experimental, theoretical, and computational results
for planar imbibition is provided (Figure 10]. In summary:

» All methods illustrate that the saturation front height progresses as the square root of
time.

» The best fit of the theoretical curve fits the experiments almost exactly, with nominal
parameter values yielding an 8% deviation from experimental.

*  GOMA computations using nominal parameter values also deviate 8% from

experimental.
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Capillary Imbibition

A slightly more complex geometry is investigated using a glass capillary tube
(Wilmad Glass, Buena, NJ). The capillary tube (0.8 mm ID, 1.0 mm OD) is filled with
solvent and brought into contact with the top planar surface of a porous cylindrical
alumina pellet (Figure 11). A multi-axis positioning system is used to position capillary
tubes repeatably on the porous substrate. The decreasing solvent height in the capillary
tube is tracked as a function of time using digitally captured images. Saturation-front
propagation is not observed but is presumed to be near hemispherical. This saturation-
front shape depends on the type of depression the capillary tube creates in the porous
substrate and the nature of the seal created between tube and porous substrate.
Repeatability of experiments was increased to yield less than 10% variability once the
importance of capillary contact was determined and controlled. An increase in capillary
depression depth into the substrate corresponded to a decrease in volumetric flow rate. If
the capillary tube was brought down just enough to introduce the pendant drop to the
surface without the tube itself touching the surface, faster volumetric flow rates resulted.
This phenomenon suggests that more advanced theoretical models be employed to
describe these conditions accurately.

Theoretical models are employed in a similar manner to the planar imbibition case
to describe the capillary experimental conditions.[‘[j Important modeling issues include
whether the surface of the porous substrate is permeable and the type of depression
created by the capillary tube. An impermeable surface situation dictates that imbibition
can occur only through the contact area defined by the inner radius of the capillary tube
(Figure 12), nearly the situation where the capillary tube is driven deep into the substrate.
A permeable surface allows an external meniscus to be created outside of the capillary
tube, allowing imbibition to occur over a much larger effective area (Figure 13). This is
similar to the situation in which the capillary does not actually contact the substrate but
imbibition is occurring. Extensive derivations were required to model these situations,
with more effort required for the permeable-surface condition.“‘:1| The difference between
permeable and nonpermeable surface conditions can change the volumetric flow rate by a

factor of three.
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Figure 11: Sampling of experimental capillary imbibition test pictures used to
determine imbibition rates.
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GOMA computations of the capillary-imbibition situation are similar to those for
the planar-imbibition situation with addition of a two-dimensional mesh and a solvent-
filled capillary tube (Figure 14). A Darcy-Continuous boundary condition is applied to
the capillary tube-porous substrate interface. Kinematic and capillary boundary
conditions are applied to the liquid surface in the capillary tube. An impermeable surface
was set for the surface boundary condition, and the saturation front was tracked as a
function of time (Figure 15). GOMA results suggest capillary imbibition rates 1.85 times
faster than in planar imbibition after 4.5 s due to the larger volume available for
saturation. Since and impermeable surface situation was examined using GOMA, the
computational imbibition rate should be slower than the experimental rate. As with
planar imbibition, the capillary-imbibition computations are insensitive to the vapor
pressure model employed.

A comparison summary of experimental, theoretical, and computational results for planar

imbibition is provided (. In summary:

» All methods illustrate that the volumetric flow rate decreases with time.

» The impermeable-surface theory (Theory A) agrees well with GOMA computations
(impermeable surface), as well as with the experiment in which the capillary was
driven deep into the substrate (EXPT #4).

» The permeable-surface theory (Theory B) slightly underpredicts the experiment in
which the capillary was not touching (EXPT #1) or was slightly pressed (EXPT #3)

because the theory uses limiting values for the volumetric flow rate.

GOMA Via Simulations

Imbibition-driven packing of a cermet slurry filled via was simulated using the
porous medium models derived through the planar and capillary imbibition models. The
change in particle concentration during consolidation was determined using the Phillips
model in conjunction with a Krieger model.[Ej Instability of particle concentration
predictions resulted when applying vacuum to the via, so for all simulations, the vacuum
is removed. Initial particle concentration in the slurry is 25 vol%, with experimental data

showing maximum particle consolidation to 45 vol%.
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The mesh structure used for simulations is shown in Simulated
consolidation of cermet slurry in a via for times of 0, 0.1, and 0.5 s are shown in
18. GOMA simulations can be thus be used to describe cermet consolidation based

solely on imbibition.

) ) Capillary Tube
Free Surface in Capillary Tube

3 Green
T Alumina
D= 8.8 mm

Figure 14: GOMA setup for capillary-imbibition simulations.de

T

1.11 sec 261lsec 3.74sec 4.86sec 6.36 sec‘ 7.44 ‘sec‘

FiguredS: GOMA simulation for the imbibition of DGBEA into a porous alumina
blank.
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Design of Experiments
Factor Selection

During the manual operation of filling a via with cermet slurry, the operator has
several methods available towards achieving the goal of via filling. These methods are
different for different operators, each having his/her own system. Although some
operators have consistently achieved over 80% total process yields in production, this
variability makes it difficult to determine causes for the occasional 100% loss of parts
due to slurry-filling defects. Operator-controlled factors are shown in The
influence of each of these factors on the quality of the final product is not known in detail
at present. Therefore, these operator-dependant factors must be controlled and
characterized using statistics and experiments.

Experienced operators and process administration were brought together to
determine which factors were to be characterized, and which were to be set constant.[i1
shows the results of these discussions, with four factors being selected. The
mixture’s volume fraction of solids was chosen due to the large range of viscosities
allowed which can change how the material flows into the via under vacuum assist.
Three ranges of viscosity (effectively solids) were selected; typical “clicking’ slurry
viscosity, a higher viscosity (higher solids), and lower viscosity (lower solids). If it is
possible to fill the via with a higher-solids-loading cermet mixture, it is believed that
better fills may be produced. However, the higher viscosities associated with higher
solids loadings may produce problems getting the mixture into the via initially, so the
lower-viscosity mixture was chosen as well. The amount of actual pressure drop across
the via produced by the vacuum is controlled by the type of filter paper. The most
commonly used paper (Whatman 541) allows only a small pressure drop across the via
(< 2in. Hg). A higher flow filter was chosen which effectively brought the pressure drop
to 6 in. Hg, in anticipation of better fills. The amount of time the part exposed to the
filling vacuum is not controlled. Longer vacuum times may play a part in particle
consolidation after the via is filled with cermet. A suggested long vacuum time exposure
of 20 seconds was implemented, with a shorter time of 1 second as a complement. An
operator fills the via, usually using a 10-ml syringe, by dropping the cermet mixture on
top of the via and allowing the vacuum to pull the mixture into the via. The rate at which
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cermet is deposited may have a critical effect because as a single drop of cermet mixture
is brought into contact with the filter paper at the bottom of the via, the vacuum is
thought to be cut off immediately, and any subsequent cermet will not experience the via
filling vacuum. Therefore, operators have determined that a thin steady stream of cermet
should be ‘poured’ quickly into the vacuum-exposed via. An automated pipette (Rainin
EDP Plus, Woburn, MA) with a controlled rate of injection and a controlled volume was
implemented to quantify these factors. Slow and fast injection rates were chosen which

best mimicked the operators experiences.[E

Table 3: Selected Operator Controlled Factors

Factor Description Allowable
Range

slurry concentration solids loading, affects viscosity 20-35 vol%
filter paper low or high permeability NS
vacuum time how long the via is subject to vacuum after fill NS
injection rate time to deposit slurry over vacuum NS
tip position angle and height of syringe tip over alumina NS
injection volume amount of slurry dispensed into via NS

Nuosperse volume additive 0-3 drops

NS — Not Specified

Factors selected to remain constant were the placement and orientation of the tip
with respect to the via, the amount of volume injected into/onto the via, and the amount
of Nuosperse in the cermet mixture. Tip position and orientation were controlled using a
three-axis positioning system shown in The programmable pipette is
removable for filling with cermet, with a foot-controlled solenoid valve used to turn off
vacuum to the cermet part. All cermet mixtures were created using 20.0 g of Sandi94
cermet powder and were mixed for 30 minutes using standard mixing procedures outlined

in the work instruction.
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Table 4: Controlled Factors for the Design of Experiments

Factor Control Method Selected Values
slurry concentration weighed amounts of each 10.85 - 24.4 vol%
component 11.52 — 23.3 vol%
13.00 — 21.2 vol%
filter paper selected grades Whatman 541 - 2.0 in. Hg
Bunn coffee filter — 5.8 in. Hg
vacuum time foot-operated solenoid 1,20s
injection rate auto pipette 227, 765 pl/s
tip position fill station positioning system 45° angle, xyz position set by

eye using system

injection volume auto pipette 100 pl

Nuosperse volume weighed amounts 0.07¢g

Experimental Design Matrix

A statistical design of experiments was created using solids loading (high,
medium, low), vacuum drop (high, low), vacuum time (high, low), and injection rate
(high, low) to create a 3" x 2 full factorial (24 experiments) set of experiments, using 5
repetitions per experiment and two vias per repetition.[Ei Those 24 experiments were
repeated randomly in order to observe repeatability, yielding 480 total vias for analysis
(see Appendix B for experimental design outline). Each specific experiment yielded 10
parts with two vias each. Four of those parts were selected for subsequent fill mass
determination, in which the mass was measured to within £0.00005 g. The critical
response for each experiment was the presence of defects within the small or large via
diameters. The defect-presence analysis was conducted using maximum-likelihood
estimation to estimate values of model parameters and their significance of producing a
defect. Modules in Statistical Analysis Software, Proc Catmod and Proc Logistic, were

used for analysis on defect formation, while Proc GLM was used on fill mass analysis.[
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Experimental Procedure

Mixing of 20.0 g cermet powder, the prescribed amount of DGBEA, and 0.07 g
Nuosperse was accomplished according to the work instruction. A standard alumina
blank with two drilled vias was placed on the filling station, and the center via was
covered with parafilm to block the vacuum. After 30 minutes of equilibration by mixing,
100 pl of cermet mixture was drawn into the pipette. The pipette was then inserted into
the fill station holder and the mixture dispensed over the off-center via, which is exposed
to vacuum. The timer was manually started simultaneously with dispensing and the
solenoid was engaged to disrupt vacuum pressure at the prescribed time period. The part
was rotated on the stage in order to remove the off-center via’s exposure to vacuum and
the center via was filled in a similar manner. After the filling step was completed, the
part was placed off to the side and subsequently dried at 120°C for 12 hours. A new
pipette tip was used for each via fill, as was new filter paper. The appropriate samples
used for fill mass determination were weighed prior to filling and after drying (with
excess slurry being gently removed from the top of each via). Specific rheologies for all

three cermet mixtures are found in appendix A.

Quialitative Results

Even though operator discretion was significantly reduced, fatigue was noticed.
The tedious manual steps which occur even when variability is reduced still serves to
wear on the operator. In this particular set of experiments, two operators were employed,
one to create cermet mixtures and the other to fill parts, with filling parts being the more
stressful of the two tasks. Such repetitive procedures are commonly performed by

machines to reduce operator fatigue and produce parts more reliably.

Statistical Results
Defect Presence Analysis

With the response variable set as the presence or absence of defects, both large-
diameter and small-diameter vias were examined. Maximum likelihood estimation was
used to estimate the values and significance of model parameters. The first result

discovered was that the first repetition of experiments (Repl) produced different results
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from the second experimental repetition (Rep2). Higher variability in Repl was the
cause for this discrepancy, and as a result, less information was able to be gained from
Repl. During Repl, the separation height between the tip and alumina blank was
increased to compensate for high-solvent slurry that was being prematurely drawn into
the via by the vacuum, further invalidating results obtained from Repl. It was also found
that in no instance was there a defect in the large diameter portion of the via (LDV) and
not in the small diameter portion of the via (SDV). The influence of each factor (vacuum
time, solvent amount, pressure drop, injection rate) on the response variable (defect
presence or absence) is reported as a probability value (p-value). Smaller p-values imply
more significance. A factor with a p-value < 0.001 is deemed highly significant. A
factor with a p-value < 0.05 is deemed significant. A factor with a p-value > 0.05 is
deemed not significant. shows the results for the defect results on the off-center
via, filled first in this study, distinguishing between defects found in the LDV and SDV
only for Rep2. shows similar results for the center via.

Table 5: Factor Influence (p-value) on the Off-Center Via

Off-Center Via Large Diameter Small Diameter
Vacuum Time <0.0001 all fills bad — no p obtainable
Solvent NE 0.01
Filter Paper NE NE
Injection Rate NE NE

NE — No Effect

Table 6: Factor Influence (p-value) on the Center Via

Center Via Large Diameter Small Diameter
Vacuum Time <0.0001 0.004
Solvent 0.01 0.01
Filter Paper NE NE
Injection Rate 0.0362 NE

NE — No Effect
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One noticeable phenomenon was the change in influence of solvent amount. In the
center via (filled last), increased solvent amount did not reduce the probability of defects.
However, increasing solvent in the off-center via weakly reduced defect formation.
Although this effect is slight, it may be interpreted to indicate that some prewetting of the
center via by imbibed solvent from the off-center via may be reducing the tendency for
the cermet to clog the via. This prewetting is an optional procedural step in the work
instruction and is not generally used by operators for this particular via. However,
prewetting has been shown to increase the probability of achieving good part fills for
smaller diameter vias in other cermet-related parts.[Ei Another contributor to better fills is
the injection rate. It is believed that the higher injection rates avoid the issue of vacuum-
shut off by initially deposited material in the via which occurs when filling the via
slowly. The amount of vacuum experienced by the via did not have any significant
effects on defect presence. The most influential factor was the amount of vacuum time
the via experienced after filling. Longer vacuum times are believed to aid in
consolidation, pulling wet cermet from the reservoir on top of the part into existing voids.
It may be interesting here to observe the filling of vias drilled into a clear material to
confirm this suspicion. Table 7 fillustrates the influence of vacuum time on defect
presence for data from the more reliable Rep2.

Table 7: Vacuum Time Influence on the Fabrication of Defect-Free Vias

Number of Vias Number of Vias

with Defects without Defects
Low Vacuum Time (1 s) 94 26
High Vacuum Time (20 s) 19 101

The statistical software package allows combinatorial effects of factors to be
examined as well as singular effects mentioned previously. Longer vacuum times
combined with higher injection rates (p = 0.058) were seen to produce better fills for the
small-diameter center via. These results only support the previous discussion of these

variables.
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Fill Mass Analysis

compares the p-value of influence for each of the four factors considered
on fill mass changes. Lower fill mass would indicate defect presence. Average fill mass
values for Repl and Rep2 were 0.0278 and 0.0198 g respectively. Table 8lcorrelates well
with results found in the defect presence analysis, with vacuum time having the most
significant influence on fill mass. Rep2 shows better correlation with vacuum time, most
likely due to the variability exhibited by the operator in Repl. There was no good
correlation of fill mass with via integrity based on examining the vias with a microfocus
x-ray (see Appendix C). There was simply too much variability in the procedure to

achieve a good measurement of the fill density.

Table 8: Factor Influence on Fill Mass

Rep 1 (1-24) Rep 2 (25-48)
Vacuum Time 0.0093 <0.0001
Solvent NE NE
Filter Paper NE NE
Injection Rate NE 0.0229

Overall Results for the Design of Experiments

It was originally believed that an operator might be able to determine the quality
of fill by carefully using the via fill mass technique. However, it was determined that the
technique simply wasn’t sensitive enough to detect flaws, even larger flaws. However,
eliminating many of the factors led toward an understanding of the truly important factor,
namely, the beneficial consolidation effect of the vacuum.

Moreover, statistical results suggested several new factors that might influence
via filling. The slightly better fills achieved in the via filled second suggested that
prewetting the hole may be an important factor. Changing the tip height above the part
while filling had an influence on via filling, which suggests that the angle at which the tip
is held may be important. Eliminating the angle by holding the pipette vertically may
change filling dynamics. Lastly, holding the part over vacuum for even longer periods of
time may further remove existing defects within the via. These factors are proposed for a

second design of experiments.
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Recommendations

Insight into the cermet-via-filling process has been obtained through the use of
experimental, theoretical, and computational approaches. There are now only a few
recommendations to address to fully optimize the filling process using a science-based
method.

1. Filling and consolidation models were developed by GOMA to simulate those
separate processes. The next step is to combine the models to simulate the
simultaneous occurrence of these processes. The simulations should again be
validated experimentally.

2. An additional design of experiments should be performed varying the parameters of
injection angle, prewetting, and longer vacuum times. With this information,
recommendation 3 can be performed.

3. Processing “‘maps’ should be created so that operators have a guideline to more
accurately fill vias. Processing maps will be referenced by the operator after
performing simple tests to determine if conditions are optimal for the slurry filling
process.

4. The effect of slurry mixing time on via filling and electrical performance should be
investigated.

5. An electrical characterization test should be developed in order to quantify the results
of all above experiments. A reduction in performance is not predicted, but there
should be some comparison value (electrical properties) to insure the product at least
meets prior performance.

6. User friendly fixtures and procedures will be created to reduce operator fatigue, a
factor influencing variability and low yields.

7. The supplier benefiting from these changes (CeramTec) should implement these
improvements and quantify the new yields.

8. A more reliable fill method using high solids slurries should be investigated.
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Appendix A
Statistical design of experiments used to analyze critical processing regime.

Experiment # Design Parameters Solvent Pressure Drop Vacuum Time Injection Rate

Low, Nominal, High g mm Hg seconds microL /s
1 NHHL 11.52 5.8 20 227
2 HLHH 13.00 2 20 765
3 LLHL 10.85 2 20 227
4 NLHL 11.52 2 20 227
5 NHHH 11.52 5.8 20 765
6 HHHH 13.00 5.8 20 765
7 HHLL 13.00 5.8 1 227
8 LLLL 10.85 2 1 227
9 LHHH 10.85 5.8 20 765
10 LHHL 10.85 5.8 20 227
11 LHLH 10.85 5.8 1 765
12 NLHH 11.52 2 20 765
13 HLHL 13.00 2 20 227
14 NHLH 11.52 5.8 1 765
15 NHLL 11.52 5.8 1 227
16 LLHH 10.85 2 20 765
17 LHLL 10.85 5.8 1 227
18 NLLL 11.52 2 1 227
19 HLLH 13.00 2 1 765
20 HHHL 13.00 5.8 20 227
21 HLLL 13.00 2 1 227
22 LLLH 10.85 2 1 765
23 HHLH 13.00 5.8 1 765
24 NLLH 11.52 2 1 765
25 NLHL 11.52 2 20 227
26 HLHH 13.00 2 20 765
27 HLHL 13.00 2 20 227
28 LLLL 10.85 2 1 227
29 HHHH 13.00 5.8 20 765
30 HHHL 13.00 5.8 20 227
31 LLHH 10.85 2 20 765
32 LHLH 10.85 5.8 1 765
33 NHLH 11.52 5.8 1 765
34 LHLL 10.85 5.8 1 227
35 NLLL 11.52 2 1 227
36 LHHL 10.85 5.8 20 227
37 HHLL 13.00 5.8 1 227
38 HLLL 13.00 2 1 227
39 LLLH 10.85 2 1 765
40 NLHH 11.52 2 20 765
41 NLLH 11.52 2 1 765
42 NHLL 11.52 5.8 1 227
43 HHLH 13.00 5.8 1 765
44 LLHL 10.85 2 20 227
45 LHHH 10.85 5.8 20 765
46 NHHL 11.52 5.8 20 227
47 HLLH 13.00 2 1 765
48 NHHH 11.52 5.8 20 765
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Appendix B

Viscosity and Dispersant Affect on Cermet Slurry Results

SHEAR RATE & SOLVENT EFFECT ON
CERMET SLURRY VISCOSITY

2500 —rrrrrre ——————r ——————r s ————————
[ —@®— Low Solvent Slurry, 10.85 g DGBEA ]
—l— Nominal Solvent Slurry, 11.52 g DGBEA § 1
—&— High Solvent Slurry, 13.00 g DGBEA ]
2000 + .
[l
(&)
= .
‘n 1500 |- .
(@]
(&)
2
>
1000 |- .
500 T Ly Las oy, A (e, S -
0 18 36 54 72 a0

Shear Rate, 1/sec

Figure 20: Rheology profiles for cermet slurries with low, nominal and high
amounts of solvent a few seconds after mixing has stopped.
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SHEAR RATE & TIME EFFECT ON
CERMET SLURRY VISCOSITY WITH 10.85 g DGBEA

2500 ——rrrrrrr ——————r ——————r s s
—@— 8.5 Shear Rate, 1/second
—l— 17 Shear Rate, 1/second
—&— 34 Shear Rate, 1/second
- —&— 68 Shear Rate, 1/second | 1
2000 |- + 85 Shear Rate, 1/second | -

1500 |

1000

Viscosity, cP

500 |-

Time, seconds

Figure 21: Viscosity of the cermet slurry with low solvent decreases rapidly until 75
seconds and levels off soon after.
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SHEAR RATE & TIME EFFECT ON
CERMET SLURRY VISCOSITY WITH 11.52 g DGBEA
2500 —rrrrrrr

—@®— 8.5 Shear Rate, 1/second
—— 17 Shear Rate, 1/second
—&— 34 Shear Rate, 1/second
—4&@— 68 Shear Rate, 1/second

2000 + 85 Shear Rate, 1/second

1500 |

Viscosity, cP

1000 |

500 |

Time, seconds

Figure 22: Viscosity of the cermet slurry with low solvent decreases rapidly until 75
seconds and levels off soon after.
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SHEAR RATE & TIME EFFECT ON
CERMET SLURRY VISCOSITY WITH 13.00 g DGBEA

14uy et et — —
—@®— 8.5 Shear Rate, 1/second
—l— 17 Shear Rate, 1/second §
1200 | —&— 34 Shear Rate, 1/second | -
—4@— 68 Shear Rate, 1/second § |
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1000 } -
o A
o A
oy 800 -
g -
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(@] L
O 600 -
2 .
>

400 -—M -

200 ;‘\‘\0\0—.\, :

Time, seconds

Figure 23: Graph shows the greatest decrease in cermet slurry viscosity as a
function of time for the 8.5 shear rate.

48



Appendix C
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Figure 24: Fill density plot for the first 24 sets of experiments (2 data points per
experiment). No correlation is observed with good or bad fills.
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47

Figure 25: Fill density plot for the last 24 sets of experiments (2 data points per
experiment). No correlation is observed with good or bad fills.
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